Organic hole transport materials are used in organic LEDs, where they substantially improve device performance if placed as a hole transport layer (HTL) between the anode and the electroluminescent layer (EL). Soluble polymeric hole transport materials with high glass transition temperatures are of particular interest, because they allow for efficient device fabrication through spin casting of the Hit, and high glass transition temperatures have been found to improve thermal and long-term stability of the device. The redox potential of the hole transport material determines the facility of charge injection at the anodelHTL and the HiLlEL interfaces, thus affecting the overall device efficiency. We have synthesized a series of soluble hole-transporting polymers with glass transition temperatures in the range of 130°C to 150°C. The synthetic method allows facile substitution of the hole transport functionality with electron-withdrawing and electron-donating groups, which permits tuning of the redox potential of the polymer. These polymers have been used as HTL in two-layer devices ITO/HTL/Alq/Mg.
INTRODUCTION
Organic LEDs are often two-layer devices, where a film of a hole-transporting material (HTL) is placed between the anode (most commonly ITO = indium tin oxide) and the electroluminescent layer (EL) (Figure 1 ). The hole-transporting material traps the electrons inside EL and promotes hole transport to the EL. This facilitates the exciton formation inside the EL or at the HTL/EL interface consequently improving the overall device characteristics. Most relevant for the device performance are the following three properties of the hole transport material: hole mobility within the material, its redox potential and its thermal/electrochemical stability. The redox potential determines how easily the material is oxidized at the ITOIHTL interface or how easily it is reduced at the HillEL interface. Relatively electron-rich compounds are commonly used as hole transport materials,7 since facile hole injection at the ITOIHTL interlace is expected to promote device function. Materials with a lower energetic barrier for hole injection into the HTL, however, have at the same time a higher barrier for reduction at the Hil/EL interface. It is therefore difficult to predict which redox behavior is optimal for the overall device performance. In this study we examine how the redox potential of the hole transport material affects the characteristics of a two-layer organic LED. Previous studies suggest that polymers with non-polar compact backbones exhibit higher hole mobilities and show improved performance as hole transport layers in LEDs.16 Therefore, the monomers were designed to contain a styrene type functionality, which would permit anionic polymerization resulting in an all-hydrocarbon compact backbone (Figure 3 ).
Electron-donating and electron-withdrawing substituents were introduced to provide for different redox potentials. The differences in hole mobilities between the polymers P1-PS, however, are presumed to be minimal since the hole-transporting functionalities have a similar structure and their environment (e.g. backbone of polymer) is
We have prepared different monovinylated TPD derivatives by an efficient three-step procedure based on Palladiumcatalyzed amination8 (Scheme 1). This method allows independent choice of the substituent patterns of the outer phenyl rings. Therefore, in addition to the derivatives presented here a large variety of asymmetrically substituted TPDs can be prepared using this methodology. The TPA monomer 4 was synthesized in a similar fashion (Scheme 1). rc'
x-=) In the last step of the monomer synthesis, the monovinyl compounds C are obtained by Palladium-catalyzed vinylation. The desired products were prepared in high yield using the tin reagent 6 or an excess of the silicon reagent 7
(Scheme 1). Nickel-catalyzed reaction of the bromoderivatives B with vinyl-Grignard123 did not result in formation of the desired product. An other synthetic route involves substitution of the bromine in B by -CHO via lithiation and quenching with dimethylformamide and reaction of the aldehyde with the appropriate Wittig reagent or the appropriate Titanium reagent14 to form the vinyl group. The transformation of B to C via the aldehyde, however, was associated with considerably lower yields (around 40%) of the monovinyl product.
The anionic polymerization of 1-4 was initiated by 0.05 equivalents of n-butyllithium (n-BuLi) at -78°C. In case of the monomer 5 the two Fluorine substituents in the 3-and 5-position of the outer phenyl rings cause the aromatic Hydrogen in between them to be reactive towards strong bases. n-BuLi was observed to deprotonate the TPD core prior to initiating polymerization. The polymerization of the dianion was possible in a dilute THF solution and yielded the target polymer after quenching with methanol at -78°C. Side reactions of the dianion species caused part of the material to crosslink during polymerization. The insoluble crosslinked fraction was removed by filtration. The isolated yield of the polymer P5 is therefore significantly lower than the yields of the polymers P1-P4.
All of the resulting polymers show high glass transition temperatures, are thermally stable up to 400 °C, are soluble and form high quality transparent thin films upon spin casting. The solutions and the films display blue fluorescence. The polymer properties are summarized in Table 1 . The polymer P1 has the lowest redox potential. It is easiest to oxidize at the JTOIHTL interface but the energetic barrier at the HiLlEL interface is highest. The redox potential increases in the order P1-PS. In the case of P5 the hole injection from ITO is least favored but the reduction at the HTL/EL interface occurs most readily.
The results of the solution measurements show the trends in redox behavior of the materials relative to one another.
These trends are the same in an LED. The absolute values, however, can not be directly applied to the situation of a working device, since the redox processes in an LED occur from a solid state film. Photoelectron spectroscopy of the polymer films will be performed in the future and will provide additional information. characteristics of the devices were measured in forward bias. Device emission was measured using a silicon photodetector at a fixed distance from the 'sample (12 cm). The response of the detector had been calibrated using several test devices, for which the total power emitted in the forward direction was measured with a NIST traceable integrating sphere (Labsphere).
Photometric units of cd/rn2 were calculated using the forward output power and the electroluminescence spectra of the devices.
Efficiencies were measured in units of external quantum efficiency (% photons/electron). Cathode deposition and device characterization were performed in a nitrogen dry box (VAC).
Devices show typical AIq-emission16 resulting in green LEDs. Table 3 and Figure 4 summarize the device data.
The maximum external quantum efficiency increases substantially as the redox potential becomes more positive until an optimum value is reached (P3). Thus, this study suggests that higher quantum efficiencies will be achieved with holetransporting materials which are more electron-deficient than the commonly used TPD. If the redox potential is increased further, the energetic barrier at the HTL/EL interface is further decreased but the barrier for hole injection into the HTL becomes too high. This causes the external quantum efficiency to decrease again (PS). adetened by cyclic voltammetry in methylene chloride solution versus ferrocene/ferrocenium bplease see Table 2 : irreversible redox potential reported as ('E+2E)/2
Clight output 5 cd/rn2
To test the stability of the devices, the LEDs have been operated at 6 mA constant current (corresponds to 50 mA/rn2) in a nitrogen dry box. The observed changes in external quantum efficiency are illustrated in Figure 5 . The device with P1 as hole-transporting material was the least efficient one at the beginning of the lifetime study but retained 60 % of it's initial efficiency after lh of continuous operation. Devices which contained P3, P4 and PS decomposed fast. After I h the trend in performance was reversed with JTO/P1/AlqIMg showing the highest external quantum efficiency at this time. 
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Since all the other device components were kept the same, this experiment shows the relative stability of the hole transport materials under device operation conditions. Possible decomposition pathways are thermal or photochemical degradation within the HTL or decomposition via a redox process at the ITOIHTL interface or the HTL/Alq interface. The observed degradation and trends in device stability can not be explained with thermal or photochemical processes within the HTL, since all of the studied materials have similar high thermal stabilities (Table 1 ) and do not absorb light above 410 nrn.
Most likely, the decomposition of the HTL is caused by redox reactions at the interlaces. The degradation process depends on the redox potential. Hole transport materials with a more positive redox potential yield devices with higher external quantum efficiencies but are more susceptible to degradation.
CONCLUSIONS
We have developed an efficient synthetic method for the preparation of a variety of soluble hole-transporting polymers with compact non-functionalized backbones and high glass transition temperatures. We have synthesized several hole transport materials with differences in their redox potential and we have investigated the effect of the redox potential on the performance of a two-layer LED.
This study shows that HTL materials which are easily oxidized yield devices with lower external quantum efficiencies. Devices containing HTL materials with a more positive redox potential exhibit higher external quantum efficiencies, suggesting that facile hole injection from the anode into the HTL is not crucial for the overall device performance. However, if the energetic barrier for hole injection at the anodelHTL interface is too high, it will have a negative impact on the device characteristics. Consequently, there is an optimum value for the redox potential. More specifically, we find that the redox behavior of unsubstituted TPD is not optimal. Higher quantum efficiencies have been observed for polymers containing TPA and difluoro-TPD (P4 and P3).
Device stability was also found to depend on the redox potential of the HTL material. Derivatives with higher redox potentials yield devices with shorter lifetimes. Apparently, facile reduction of the HTL material not only promotes the desired charge transfer processes at the HTL/EL interface but also speeds up degradation reactions. 
